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ABSTRACT To maintain the straightness of an unmanned longwall mining face, a track geometry surveying
model of the scraper conveyor was constructed based on the position of the shearer. A surveying instrument
was developed employing an inertial measurement unit and axial encoder. Surveying tests were conducted
using a longwall mining face mock-up, and the 3-D accuracy of the surveying instrument based on the
mean radial spherical error and the spherical error probable (SEP) radius was determined to be 20.78 mm
and 16.57 mm, respectively. The accuracy of the surveying system satisfied the requirements of a longwall

mining face.

INDEX TERMS Geometry surveying, inertial measurement, unmanned longwall mining, scraper conveyor.

I. INTRODUCTION
Longwall mining is a primary coal extraction method for
underground mines that is expected to remain prevalent into
the foreseeable future. Mechanized longwall mining primar-
ily involves three types of equipment: a shearer, a scraper
conveyor, and hydraulic roof supports, as illustrated in Fig. 1.
The shearer travels back and forth along a rail associated
with the scraper conveyor between intersecting roadways,
and typically cuts a 1 m wide slice of coal from the exposed
face. The coal is then conveyed to a conveyor belt located
at one of the gate roadways. As the shearer moves across
the coal seam, large hydraulic push arms attached to the
hydraulic roof supports progressively advance the scraper
conveyor and associated shearer rail behind the shearer. The
roof supports simultaneously prevent the roof from collapsing
onto the shearer and immediate work area. When the shearer
advances through the seam, the supports follow, allowing
the remnant seam to collapse into the void behind the roof
supports [1], [2].

For optimum operation, the longwall face should be
straight, and should be perpendicular to the gate roadways.

A straight longwall face minimizes the issues associated with
mechanical stress on both the scraper conveyor and roof
supports [1]. In a manned longwall face, the face profile was
usually controlled through manual observation and operation.
Generally, a rope installed along the face is selected as a
desired straight line. When the face profile is crooked, min-
ing workers individually adjusted the displacements of each
hydraulic push arm of hydraulic roof supports to make the
scraper conveyor parallel to the rope under non-production
condition. In an unmanned longwall face, it is required to
measure the face profile and feed this information back to roof
support control systems to achieve a desired face alignment.
Until now, there is no a robust method of automatically
measuring the face profile consistently during production for
longwall mining automation systems. The motivation of the
study is to develop a surveying device that can measure the
face profile without interrupting production.

According to the longwall mining process, the scraper con-
veyor acts as the rail of the shearer, and it is connected with
the roof supports. Therefore, the orientation and straightness
of the longwall face are determined by the spatial geometry of
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(b) seraper conveyor push arm

FIGURE 1. Typical longwall mining face configuration (a) and equipment
employed in a longwall mining face (b) [1].

the scraper conveyor. To realize longwall mining automation,
the position of the shearer has been accurately measured
with an inertial navigation system (INS) or inertial measure-
ment unit (IMU) [3]-[7]. Because the shearer runs along
the scraper conveyor, the spatial geometry of the scraper
conveyor can be surveyed through the position of the shearer.
As an example, a track geometry surveying method with a
trolley equipped with an INS has been used for railway and
underground pipeline track surveying [8]-[14].

In the present study, a geometry surveying model of the
scraper conveyor is constructed based on an IMU installed
on the shearer, and a position measurement instrument is
developed according to the model. The model was verified
by experiments performed using a longwall mining face
mock-up. The longwall face profile can be measured by the
model and instrument.

Il. SURVEYING MODEL

Fig. 2 illustrates the spatial relationships between the scraper
conveyor and shearer. An IMU and an odometer are mounted
on the shearer mainbody and left haulage unit, respectively.
The attitude of the shearer mainbody, including the heading
angle ', pitch angle , and rolling angle , is measured by
the IMU. The displacement of the shearer is measured by the
odometer. According to the principle of inertial navigation,
the shearer frame is referred to as the body frame, as shown in
Fig. 2(a). The Xp-axis, Yjp-axis, and Z,-axis are aligned with

the pitch, roll, and heading axes, respectively. The local north-
east-up (NEU) frame is selected as the navigation frame.

The shearer is carried along the scraper conveyor by four
shoes located at points A, B, C, and D in Fig. 2(b) while being
hauled by a gear-rack system. The position of the shearer is
given by the point denoted as O. The middle points of lines
AB and CD, denoted as points M and N, are located on the
centerline of the scraper conveyor, as shown in Fig. 2(b).
Here, the distance between M and N passing through O is
given as Lq, and the distance between M and O is given
as Ly. The scraper conveyor is composed of rigid linepan
sections, so the centerlines of each linepan reflect the shape
of the scraper conveyor. The subpoints of M and N residing
on the scraper conveyor, denoted as points My and N, where
My is illustrated in Fig. 2(c), represent the spatial geometry
of the scraper conveyor. Here, the distance between M and
My is given as Ly. The goal of the surveying model is to
obtain the coordinate values of My and Ny with respect to
the coordinate value of O during the shearer running along
the scraper conveyor.

A. POSITION OF THE SHEARER

Dead reckoning for position determination begins from a
known initial position and continuously adds relative dis-
placement vectors. This is adopted as the method for deter-
mining the position of the shearer. Therefore, the position of
the shearer, i.e., the coordinate value of O in the NEU frame,
at time f;, denoted as P,o(%;), is determined according to its
position at #; | by

Pro(1i) D Pro(ti 1) C Sn(#) ey

where Sy, (#;) is the displacement vector in the NEU frame dur-
ing a single sampling period, which is calculated as follows.
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1)
Sit)D Clti 1) Set)D Cl(t; 1) 4 0 S (2
0

Here, 1 1(¢;) is the displacement of the shearer during one
sampling period, which is measured by the odometer, and
C g(t) is the transformation matrix from the shearer frame to
the NEU frame, which is given by Eq. (3), as shown at the
bottom of this page.

B. POSITION OF THE SCRAPER CONVEYOR
The coordinate of M in the NEU frame, denoted as Ppm(2),
is determined by

Poum .tl'/ D P,o .t,'/ C Cgl )
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FIGURE 3. Schematic of the conveyor track surveying instrument.

FIGURE 4. The longwall face mock-up constructed with actual mining equipment for experimental testing of the proposed surveying

model and corresponding measurement instrument.

conveyor in the NEU frame is determined by Eq. (9),
as shown at the bottom of the previous page, which was
derived following Mg. The spatial geometry of the whole
scraper conveyor is reconfigured by fusing the position of
points Mg and Np. With this measure method, the spatial
profile of the scraper conveyor can be surveyed during the
shearer continuous productive process. According to the mea-
sured profile of the scraper conveyor, the displacements of
hydraulic push arms of hydraulic roof supports can be auto-
matically adjusted during advancing the scraper conveyor so
that the straightness of the scraper conveyor can be main-
tained under production condition. This will not only enhance
the safety but also increase productivity for coal mine.

IIl. EXPERIMENTS

A. THE SURVEYING INSTRUMENT HARDWARE

The hardware of the surveying instrument includes an IMU,
axial encoder and an embedded system, as shown in Fig.3.
The IMU contains a high precision 3-axis accelerometer and
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3 high precision gyroscopes, allowing movement in all of
the 6 degrees of freedom to be measured. It was installed
on the shearer mainbody and used to determine the attitude
of the shearer. An incremental axial encoder with the res-
olution of 4096 pluses per revolution was connected with
the haulage unit to measure the displacement. An embedded
system was developed for data acquisition and processing
according to the surveying model.

Kinematic surveys of a scraper conveyor are characterized
by the movement of the shearer. However, the sensors do not
sample the data continuously, but are time and value-discrete.
Therefore, the sampling frequency, which is the inverse of the
time increment 1 fgnpiing between each sampling point, must
be related to the speed of the shearer. A conveyor is comprised
of numerous linepan sections, which act as the guide rail
for the shearer. The geometry of the scraper conveyor was
determined by the attitude of each linepan. Each linepan is
a rigid body of length / D 1000-2000 mm. Therefore, the
attitude of a single linepan can be determined by two points
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FIGURE 5. Installation of the IMU and axial encoder on the shearer.

TABLE 1. Differences between the actual and surveyed tracks shown in Figs. 6(a) and (b).

Direction Max. (mm) Min. (mm) Mean (mm) Std. Dev. (mm) MRSE (mm) SEP (mm)
East (a) 16.4 0.3 7.12 8.81

North (a) 17.5 1.0 11.52 13.12 16.31 13.25
Up (a) 8.5 0 3.03 4.05
East (b) 21.9 0.1 9.83 11.80

North (b) 28.1 0.8 14.06 16.62 20.78 16.57
Up (b) 8.4 0.1 3.06 4.07

TABLE 2. Differences between the actual and surveyed tracks shown in Fig. 7.
Direction Max. (mm) Min. (mm) Mean (mm) Std. Dev. (mm) MRSE (mm) SEP (mm)

East 31.8 0.2 13.97 16.27

North 22.3 0.5 8.91 11.05 20.09 16.02
Up 9.2 0.1 3.18 4.08

along its length. The speed v of the shearer is usually less than
10 m/min. To obtain two sensor data samples for each linepan
during shearer operation, the sampling frequency is

1 2

- = (10)
1 tsampling [=v

fmmpling D
Under extreme conditions where / is equal to 1000 m and v
is equal to 10 m/min, fsumpling must be greater than 1/3 Hz.
As such, fiampiing 18 set as 2 Hz in the surveying instrument.
The median absolute deviation (MAD) filtering technique is
used for outlier detection [10].

B. EXPERIMENTAL TEST
To verify the surveying model and test the accuracy
of the designed surveying instrument, experiments were
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performed using a longwall face mock-up, which included
a MG500/1130-WD shearer, a SGZ1000/1050 scarper con-
veyor, and ZY9000/15/28D roof supports, as shown in Fig. 4.
The total length of the conveyor was 60 m and each linepan
was 1.75 m in length. The distance between the haulage units
was 6.58 m. The height of the shearer was 1.625 m. The
installation of the IMU and axial encoder was shown in Fig. 5.
A local NEU frame with the origin at the tail end of the
scraper conveyor was constructed. The actual geometry of
the conveyor was manually measured by an electronic total
station with reference to the local NEU frame. The surveying
instrument installed on the shearer automatically measured
the geometry of the conveyor according to the constructed
surveying model during the shearer running along the scraper
conveyor. The maximum, minimum, and mean values and
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